Transportation and production of waxy crude oils poses a variety of challenges including wax deposition, increased viscosity and pressure drop at temperatures below the cloud point, and high re-start pressure for gelled oil in the pipeline at temperatures below the pour point.
Introduction
Crude oils with high paraffin content and pour point (PP) are generally classified as a waxy crudes. The term "high" when used for PP is relative and depends on the operating conditions. The separation of wax as a solid phase from crude oils occurs due mainly to the cooling of oil 1 . The wax precipitation can also be effected by changes in other thermodynamic variables such as pressure and composition.
The temperature at which wax begins to precipitate out from the crude oil is called the Wax Appearance Temperature (WAT). Wax precipitation may potentially give rise to various transportation and production related problems -wax deposition on cold surface causing a reduced flow and increased pressure drop, high apparent viscosity that may lead to an increased pressure drop, oil gelation resulting in a high restart pressure of a shut-down pipeline.
To help understand the waxy crude related problems several studies on different aspects of waxy crude behavior have been published. These range from fundamental studies on the crystal behavior [2] [3] [4] to applied laboratory and field studies 5, 6 on crude oil systems. A comprehensive review of the literature on waxy crude transportation and production problems has been published by Misra et al. 7 . Several studies have been published on wax remediation and control techniques 5, [8] [9] . A considerable amount of effort has been directed towards the development of thermodynamic models for predicting the WAT, amount of wax precipitated and the precipitated wax composition [10] [11] [12] [13] [14] and also towards development of flow models for predicting wax deposition rates in the flowlines [15] [16] [17] [18] . Such predictive tools are used for flow assurance of waxy crudes. Wax remediation and flow assurance are becoming increasingly important as the waxy crude fields previously considered problematic are being exploited. Further, offshore prospects are being developed as the inland reserves continue to deplete. For offshore production, economic viability of the project may depend on realistic estimates of flow problems and associated remedial/preventive technique. This is true because the remediation and preventive costs for an offshore system run extremely high 19, 20 . Flow assurance study for such systems often require measurement of at least two key crude oil properties, the WAT and the PP; another crude oil property of interest is the gel strength. Using the WAT and PP, the rheological and problematic behavior of a waxy crude can be mapped into three regions on a temperature scale:
− a region defined by the temperatures above the WAT where the fluid acts as a Newtonian fluid and there is no risk of wax deposition.
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− a region defined by temperatures below the PP where the fluid exhibits highly non-Newtonian behavior and where oil may gel under quiescent conditions;. − a region of mildly non-Newtonian behavior defined by the temperatures between the WAT and the PP.
This study focuses primarily on the laboratory techniques for the measurement of waxy crude properties, namely, WAT, PP and gel strength. Further, it is demonstrated why tests under realistic conditions, i.e. for live oils, need to be conducted for improved estimates.
Wax Appearance Temperature
When a waxy crude is cooled, at the WAT the wax begins to separate out as solid crystals when the solubility limit is exceeded. A distinction must be made between the thermodynamic WAT and the experimentally measured WAT. The thermodynamic WAT defines the true solid-liquid phase boundary temperature, i.e. the maximum temperature at which the solid and liquid phases exist in equilibrium at a fixed pressure. The experimental WAT represents the temperature at which the first crystals are "detected" and, consequently, depends on the sensitivity of the measurement technique. Normally, the experimental WAT would be well within the thermodynamic Solid-Liquid phase envelope 21 , i.e. at a fixed pressure the (WAT) expt < (WAT) true .
On Measurement Techniques Several techniques have been employed for experimental determination of WAT. These range from simple cold finger, visual ASTM D2500-66 method, filter plugging (FP) and viscometry to more sophisticated techniques such as cross polar microscopy (CPM), light transmission, Fourier transform infrared (FTIR) light scattering, differential scanning calorimetery (DSC) ultrasonics etc. A comparison of WAT for crude oils measured by different techniques have been reported in the literature 20, 22 .
Monger-McClure et al.
20 evaluated a number of laboratory techniques to find out the most suitable one for flow assurance studies. They recommended CPM and DSC as methods of choice when the sample volumes were limited, and, FP and FTIR as methods of choice for live oil measurements. In their study on seventeen North Sea oils, Ronningsen et al. 22 found CPM to invariably provide the highest WAT amongst those measured by DSC, CPM, and, viscometry. More recently, Cazaux et al. 23 have measured WAT using CPM, viscometry and X-Ray diffraction and found CPM to give the highest WAT.
The relevancy of the experimental WAT to the field observation has been addressed by Ronningsen et al. 22 and Monger-McClure et al. 20 and correlated by Hamammi and Raines 24 , Erickson et al. 12 and Monger-McClure et al 20 . The WAT of Stock Tank Oil (STO) was found surprisingly to be in agreement with the live oil deposition temperature. Now, the WAT for live crude oils are generally lower than the respective STO WAT. Therefore, a conclusive explanation of why the STO WATs matches with the field deposition temperature was not provided. One possible explanation is that the field deposition temperature corresponds to the oil temperature, which is higher than the cooler pipeline wall temperature, where deposition occurs. For production tubings the wall temperatures can be 10°C lower than the bulk oil temperatures under flow conditions.
Pour Point
When a waxy crude is allowed to cool quiescently below the WAT, precipitation of waxes continue resulting in an increase in the number and size of wax crystals. These crystals if undisturbed tend to cohere together to form a net like structure trapping oil within. As a result, the oil attains gel like characteristics and causes the oil viscosity to increase. At a certain temperature depending on the amount of wax precipitated and the strength of the network, the oil may cease to flow, this temperature is called the Pour Point (PP) of the crude oil. The PP is a rheological property of a waxy crude and a qualitative test used for determining "waxiness" of a crude oil.
On Measurement Techniques Although other methods such as complex viscometry has been used for PP measurement, the method of choice remains as the ASTM method D-97 method. Recently, a new ASTM method, ASTM D 5853-95, has been defined specifically for crude oil PP measurement. This method is quite cumbersome. In the ASTM method, the crude oil is preheated to a certain prescribed temperature and allowed to be cooled at a prescribed cooling rate in a specific type of vessel of defined dimension. The thermal history and cooling rate are important parameters for the test.
Gel Strength
When a crude oil is continued to be cooled below its PP and/or maintained at a temperature below the PP under quiescent conditions, the network of crystals continues to develop the strength of the interlocking structure. Such conditions may exist when pipelines undergo a planned or unplanned shutdown and the ambient temperature is less than the PP. Under such conditions the oil in the pipeline cools quiscently to temperatures close to ambient. Depending on the shut-down time and ambient temperature amongst other variables, the waxy crude may gel and become solid like. To re-start such a gelled pipeline, i.e. to make the oil flow, a high pressure must be applied so that the shear stress at the wall exceeds a certain minimum value. This minimum value is called the gel strength and also referred to as the yield stress. Another definition of yield stress is the minimum stress required to produce a shear flow. Ronningsen 26 has discussed how the definition of gel strength or yield stress has been challenged in the literature on the ground that everything flows in the limits of very long observation times. Despite the controversy surrounding the definition of yield stress, the gel strength is accepted as an engineering reality.
On Measurement Technique The different techniques used for the measurement of gel strength of waxy crudes have been reviewed by previous researchers [25] [26] [27] [28] The scalability of the MPT data to field scale application has been questioned because of the experimental uncertainties due to effects such as compressibility of pipe and oil, diffusion of wax-free oil, and the contraction of the oil 27 . However, the mere fact that the CSR measured yield stress does not correspond to yield stress measured by a laboratory scale pipeline demonstrates the limited applicability of the CSR measurement to field scale pipelines.
Factors Influencing WAT, PP and Gel Strength
It is important to discuss briefly the factors that are known to influence the measurement of waxy crude properties of interest, namely, WAT, PP, and, gel strength.
The true WAT is a thermodynamic property and, therefore, a function of thermodynamic variables such as T, P and composition. Now, the wax precipitates as crystals which is a two step process -first step or nucleation followed by a second step or growth. Almost all the laboratory techniques employed for WAT measurement, detects wax crystals in the growth stage. Now, both PP and gel strength are rheological properties of a crude oil and are affected by the wax crystal structure, size and number 23 . Thus, the measurement of WAT, PP and gel strength is affected by any variable that affects the crystallization process and the crystal morphology.
The sensitivity of WAT measurement techniques depend on the amount of wax precipitated (DSC, viscometry), the size of wax crystals (microscopy, viscometry) and/or the number of wax crystals (light transmission, light scattering). The crystal size and number, in turn, is influenced by the cooling rate, e.g. larger cooling rate effects a larger number of nucleation sites and, consequently, a large number of small crystals. An opposite effect is observed for smaller cooling rates which results in the formation of a small number of large crystals. In addition to the cooling rate, the pour point and gel strength are affected by the thermal and shear histories. For example, when a crude oil is cooled from a temperature at which nucleating agents such as wax crystals and/or asphaltenes/resins are already present as separate entities, the paraffin precipitates as small crystals with high surface to volume ratio. These interlock easily resulting in a high PP 5 . Further, any shearing during cooling hinders the formation of network and thus reduces the gel strength.
Stock Tank Oil Measurements-How Valid Are These For Making Live Oil Flow Assurance Decisions ?
Generally, the WAT and PP measurements are performed on stock tank oil (STO) samples and used as conservative estimates for making flow assurance related decisions. An operational decision with respect to wax deposition and pipeline restartability is easy to take when the temperatures encountered are above the measured dead oil WAT and PP, respectively. However, for offshore fields and subsea transportation, the sea temperature is, generally, lower than the dead oil WAT and PP 13 . Under these realistic conditions, the oils are not only at high pressures but also contain solution gas and often referred to as live oils. It is a common practice, however, to measure the WAT, PP and gel strength for waxy crudes on the STO. This is due both to the difficulty in obtaining expensive downhole samples and to the lack of laboratory apparatus/techniques that can handle high pressure live oils. Now, the live oil properties are expected and known to be different than those for the corresponding stock tank oil.
The question, therefore, arises -How valid are the STO measurements for evaluating flow assurance related feasibility a project?
North Atlantic Pipeline Partners, L.P. (NAPP) plans to develop a 600 km long subsea pipeline to transport petroleum fluids was faced with such a question. The risk of pipeline wax deposition and oil gelling needs to be quantified because the maximum ambient sea water temperatures is around 2°C. The flow assurance and, to an extent, the economic viability of such a large scale project depends not only on accurate data but more so on the relevant data. i.e. live oil WAT, PP, gel strength etc. NAPP decided to obtain data on both the STO and the live oil waxy crude properties to improve their decision making capability.
Effect of Pressure and Solution Gas on WAT, PP and Gel Strength
Prior to describing the experimental technique and results, a review of literature on the effect of pressure and solution gas, the two factors differentiating STO and live oil, on the relevant waxy crude properties is discussed.
The effect of pressure on the WAT of the STO has been published in the literature by Brown et al. 29 and Meray et al. 30 , who report an increase in WAT of 2.2°C/10 MPa and 3.0°C/10 MPa, respectively. The measurement was, however, limited to relatively low pressures of 25.2 MPa (3650 psi). Meray et al. 30 found that addition of light ends reduced the WAT by as much as 15°C. The effect of pressure on a crude oil and 10 wt% pentane mixture showed the same trend as that on the crude oil only. Brown et al. 29 reported data on the WAT of live oil below the bubble point. The WAT decrease with an increase of pressure due to dissolution of lighter components in the oil. Nichita et al.
14 have reported the retrograde phenomena for wax precipitation from condensates.
Rai et al. 31 have strongly emphasized the need for researching the effects of the free and solution gas on the PP and gel strength for multiphase flow applications. The effect of pressure and/or solution gas on PP has not been directly observed due mainly to lack of a defined technique. The only published literature on the effect of solution gas on gel strength is that by Williams et al. 32 who employed a MPT apparatus. They measured the gel strengths of a live oil of fixed saturation pressure at different temperatures. The temperature below which the gel strength showed a non-zero value was interpreted as the Pour Point. From their measurements, they found that gel strengths reduced with an increase in solution gas. The PP interpreted from their gel strength data was observed to be reduced drastically, by approximately 20°C, when solution gas was added to saturate the STO at 22.2 °C and 8.3 MPa (1200 psig).
Experimental Crude Oil Samples
In this study, three crude oil samples were tested; a crude oil representative of Canadian East Coast crude (Oil-1), a crude oil from east Asia (Oil-2), and, a crude oil prepared by mixing various crude oil samples (Oil-3).
Experimental Techniques
In this section, the experimental techniques employed to measure the WAT, live oil PP and live oil gel strength are described.
C30+ Compositional Analysis
A detailed C30+ compositional analysis was performed using gas chromatography employing both Flame Ionization and Thermal Conductivity Detectors.
Live Oil Preparation
For Oil-2 and Oil-3, the live oils were prepared by adding CH 4 , C 2 H 6 , and/or CH 4 /C 2 H 6 to saturate the oil at desired pressure at 80°C. For Oil-1, the corresponding separator oil was recombined with a synthetic as mixture to prepare a live oil representative of the reservoir fluid. The required live oil samples were generated by allowing the recombined fluid to equilibrate at the test pressure and 55°C and removing the gas phase, if any.
Dead Oil Pour Point
The dead oil pour points were measured according to a modified D-97 method. The oils were initially heated either to 80°C or to 60°C.
WAT Measurement of Stock Tank Oil by CPM
The detection of Stock Tank Oil (STO) WAT by CPM is based on the principle that all crystalline material rotate the plane of polarized light. Therefore, upon crossing two prisms on the opposite side of the oil sample, the oil appears black due to the blocking of light. When the wax precipitates, the crystals appear as bright spots.
Description of the apparatus: The test apparatus used in the study has been described previously by Hammami and Raines 24 . The key components of the CPM are a light source, an IR filter, a polarizer, a programmable and temperature controlled hot stage, an analyzer, a video camera and a video camera recorder, a video monitor and a computer.
Experimental Method The experiment was initiated by transferring a drop of equilibrated STO at 60 or 80°C to a transparent crucible and by covering it with a glass slide. The crucible was placed into the temperature controlled stage of the microscope. The sample was viewed under microscope and brought into focus. Next, the oil was heated back to the initial temperature (60 or 80°C) and then slowly cooled at the rate of 1°C/min. A video recording of the experimental run was performed and the WAT was determined as the temperature at which the first crystals appeared in the field of vision.
WAT Measurement by Light Transmission Method
The WAT of the STO and live oil was measured using the Solids Detection System (SDS) based on the light transmission (LT) method.
Description of the apparatus. The details of the apparatus have been described previously by Hammami and Raines 24 . The key components of the SDS are a laser light source, a power meter type detector and a high pressure visual cell.
Experimental Method The experiment was initiated by displacing the test fluid, as single-phase liquid above the test pressure and temperature, into a visual high pressure cell. Next, the fluid was allowed to flash to the test pressure and after equilibration, the resulting vapor phase was displaced off the visual cell. A reference scan of the power of transmitted light (PTL) was collected through the saturated liquid. The oil was then allowed to cool isobarically at uncontrolled cooling rate. The pressure was maintained using a displacement pump. During the cooling, both the temperature and the PTL were monitored and recorded. From the plot of temperature versus time during cooling 24 , the maximum cooling rate was calculated as 0.5 °C/min (1°F/min). The onset of the wax precipitation was deemed to be a point of change of PTL slope on a plot of PTL versus time.
WAT Measurement of Pressurized Oil by a High Pressure CPM
A new high-pressure microscope (HPM) has recently been developed for visual detection of organic solids precipitation during isobaric cooling, isothermal de-pressurization and isothermal-isobaric titration tests. The microscope is rated to 138 MPa (20,000 psi) and 200°C. The HPM stage may be used as an add-on to the SDS or on a stand alone basis.
Description of the apparatus A schematic diagram of the experimental set-up used for WAT measurement of pressurized oils is shown in Figure 1 . The key components of the set-up are displacement pumps, a high-pressure microscope, a video camera and a video camera recorder, a video monitor, a thermocouple. The thermocouple is placed in a thermowell in the HPM stage.
Experimental Method For WAT measurement, the HPM stage was thoroughly cleaned and evacuated. The hot test fluid was then introduced into the HPM stage, which was thermally equilibrated at 80°C. The test fluid was then pressurized to the required test pressure. The oil sample was brought into the field of view and under focus. The oven temperature was then set to 20°C and the oil was allowed to cool at an uncontrolled rate. The temperature was monitored and recorded during the entire run. During the cooling, the pressure of the fluid was maintained using a pump. A video recording of the fluid observed through the microscope was performed. The WAT was determined as the temperature at which the wax crystals first appeared in the field of vision
Live Oil PP Measurement by Visual Technique
An experimental apparatus for live oil PP measurement was designed based on the ASTM D-97 test.
Description of the apparatus: A new experimental apparatus has been set-up for the measurement of Live Oil Pour Point. The test vessel is a sapphire tube of 2.54cm ID and 15.0 cm long. The tube is mounted on an arm attached to vibration free table. The tube and the mount are placed in a temperature-controlled oven.
Experimental Method: The experiment was initiated by allowing the sapphire tube to equilibrate at a starting temperature of either 60°C or 80°C. Next, the recombination gas was filled in the sapphire tube and pressurized slowly to the test pressure. A sub-sample of the equilibrated live oil was charged to the sapphire tube by displacing the gas isobarically through a back-pressure regulator. Approximately 40 cm 3 of the live oil sample was charged into the tube. The temperature of the oven was changed as per the ASTM D-97 Method. The oil temperature was monitored and the tube was inclined at every 2-3°C drop in temperature to check for the fluidity of the oil. The temperature at which the live oil ceased to flow was deemed to be the pour point.
Gel strength measurement by high pressure Model Pipeline Test apparatus
The gel strength or yield strength of waxy crude oils have been successfully determined using the model pipeline test (MPT) apparatus. A schematic diagram of the model pipeline test apparatus is shown in Figure 2 .
.Description of the Apparatus: The apparatus consists of two stainless steel coils -each 7.04 mm I.D. × 6.10 m longthat are placed in a temperature-controlled bath. The total volume of each coil is ~240 cm 3 . However, for each experiment approximately 300 or 600 cm 3 of oil sample may be required depending on the whether one or both coils are used. The apparatus is rated to 20 MPa and 100°C.
Experimental method The experiment involves four main steps, namely, thermal pretreatment, charging of the oil, cooling and, finally, the ungelling. The thermal pretreatment of the oil is an important part of the experiment. In this study, the oil samples were maintained at 60°C or 80 °C (or any other specified temperature) in an oven for 12 hours or greater to erase the thermal history.
In case of STO measurements, the oil was charged into the cleaned and evacuated coils placed in the water bath at the "Starting Temperature" of 60°C or 80°C. The oil was then circulated through the coils for at least 30 minutes. This method helps to remove any trapped air bubbles from the coils, which could drastically affect the measured gel strength. After circulation, the pump was isolated from the coils whereas the flow line connecting the oil container/reservoir (containing oil at starting temperature) to the coil inlet was left open to compensate for the thermal shrinkage during cooling. For live oil charging, a slightly different procedure was followed. After evacuation of the coils and lines, the saturation gas (recombination gas) was charged into the system and pressurized to the test pressure. The pressure was controlled by the back-pressure regulator. The live oil was filled in the coils and the connecting lines by displacing the pressurized gas through the back-pressure regulator. The post-charging procedure was same as that for STO measurement and is described below.
Next, the oil was cooled under static condition at specified cooing rate(s) to the final aging temperature. The cooling rate varied from test to test and ranged from 5°C/min to 10°C/min.
After the target test temperature or aging temperature was reached, the oil was allowed to age for 12 hours or greater to let the oil develop its gel strength.
After aging, the ungelling of oil was started by pressurizing the coils with nitrogen gas. For this purpose, the pump and the sample cylinders were isolated from the coils. Nitrogen pressure was increased in steps of 6.89 kPa (1 psi) over 0-68.9 kPa (0-10 psi) range, 13.8 kPa (2 psi 
Results and Discussions
STO Properties
The C30+ compositional analyses and the UOP wax content for the three STO oils is provided in Table 1 .
Atmospheric Cross Polar Microscopy-Measurement of WAT and Study of Crystal Morphology
The wax appearance for the three STO are reported in Table 1 . The shape and size of the crystals are affected among other variables by the cooling rate and the presence of crystal modifiers used as a Pour Point Depressant (PPD).
The effect of cooling rate on the crystal morphology for Oil-2 is shown in photomicrographs presented in Figure 3 . The slow cooling rate corresponds to 0.5 °C/min whereas the fast cooling rate equals 20 times the slow cooling rate, i.e. 10°C/min. At any temperature below the WAT, the slow cooling rate effects lesser number of larger crystals whereas faster cooling rates effects larger number of smaller crystals.
The faster cooling rate results in a larger number of nucleation sites because the wax components do not have sufficient time to diffuse to the existing nuclei, and, consequently due to the supersaturation additional nuclei are formed.
The effect of PPD on the crystal structure is demonstrated in the photomicrographs presented in Figure 4 . The cooling rate and thermal pretreatment was kept similar for both the cases -with and without PPD. Upon viewing the photomicrographs, a reader may conclude that the Case-1 picture corresponds to the oil treated with PPD because the PPDs, in general, work effectively by restricting the crystal growth and hindering the formation of network. However, in this particular case, the addition of the PPD to the oil results in the formation of larger crystals and appear to be linked together as short straight chains. The formation of spherulitic crystals due to addition of PPD has been reported by Seitzer and Lovell 33 . Fremel et al. 34 also observed an increase in size of wax crystal upon an addition of a PPD composed of molecules with long alkyl radicals in their side chain. These alkyl radicals combined with wax crystals to form stable structure (cluster) and retarded the further growth of the wax cluster.
WAT Measurement by Light Transmission Technique
Prior to the measurement of WAT of live oils, a test run on the STO at low pressures (~310 kPa or 45 psig) was conducted. The test results were compared to that measured by the atmospheric CPM. The SDS cooling trace for Oil-1 is presented in Figure 5 . The photomicrographs of the fluid at various temperatures have been superimposed on the plot for comparison purpose. As the oil cools isobarically, the optical density of the fluid decreases and as a result the PTL demonstrates a slight decrease. Upon cooling further, the wax crystals begin to precipitate from the oil. When the crystals have grown sufficiently large in number and size, they interfere with the transmitted light and the PTL thereby shows a steeper drop with decrease in temperature. The temperature at which the PTL demonstrates a sharper drop or a change in slope is deemed as the WAT. On comparing the SDS data with the photomicrographs, it can be concluded that the CPM is more sensitive (detects waxes earlier at a higher temperature) than the SDS employing the LT Technique. In this particular case, the CPM measured WAT was found to be 4°C higher than that detected by the LT method.
The live oil WAT measured by the SDS has been presented in Table 2 . The live oil WAT is seen to be reduced by 6°C by solution gas. The effect of pressure and solution gas on WAT at pressures above 6.89 MPa (1000 psi) is small but significant. For this particular case, transporting live oil instead of a STO does not seem to be highly advantageous from wax deposition perspective. Although other aspects such as the amount and type of wax precipitated need to be considered before making the final decision.
High Pressure CPM (HP-CPM) for Detection of Solids Precipitation.
A conceptual P-T phase diagram of a crude oil prone to both asphaltene and wax precipitation has been shown in Figure 6 . During an isothermal de-pressurization, depending on the temperature, only the precipitation of asphaltenes (Point A) may be encountered or the precipitation of wax (Point B) followed by the precipitation of asphaltenes (Point C) may be encountered. Precipitation of asphaltenes followed by that of wax is also possible. A co-precipitation may also occur at the same pressure (Point D). The P-T phase diagram shown in Figure 6 is for illustration purposes only, the location as well as the shape of the solid phase boundaries may vary from one fluid to the other. Now, while the LT method is a suitable for detection of solids precipitation from pressurized fluids, being an indirect detection method it cannot discern between the precipitation of asphaltenes and waxes. However, the determination of the nature of the precipitated solids is essential for the development of an effective chemical treatment method. The information is also vital for development of predictive solids deposition model.
So how do we ascertain the nature of the solids under insitu conditions? The use of a visual technique such as microscopy can help. The challenge with microscopy for reservoir fluid applications lies in the development of a system that has the ability to withstand high pressures (in excess of 68.9 MPa or 10,000 psi) at fairly high temperatures of up to 160-170°C. Recently, a High Pressure Microscope equipped with Cross Polarization unit was developed by DB Robinson and Associates Ltd. In this study, we report its application in detecting wax crystallization at pressures of up to 103 MPa (15,000 psi).
The experimental set-up does not allow for a direct measurement of the fluid temperature, the variable required for WAT determination, at high pressure. Experiments were conducted at ambient pressures to simultaneously measure the fluid temperature and the thermowell temperatures using two calibrated thermocouples. An example trace has been presented in Figure 7 . The thermowell temperature was found to be within 0.2°C of the fluid temperatures. The cooling rate calculated from the slope of temperature versus time plot was found to vary from 0.6°C/min at higher temperatures to less than 0.3°C/min at lower temperatures. These cooling rates are actually lower than the 1°C/min cooling rate employed in the WAT measurement by atmospheric CPM.
First, experiments were conducted at ambient pressure with oil-3. The results obtained by the HP-CPM was compared to that obtained by atmospheric CPM. The WAT measured in the two apparatuses varied by less than 0.5°C, well within the 1°C repeatability limits.
The WATs of STO for Oil-3 were determined at three pressures; ambient pressure (0.1 MPa), 55.1 MPa (8000 psi) and 103.4 MPa (15,000) psi and are reported in Figure 8 . The effect of pressure, as expected, was to increase the WAT with an increase in pressure. Such behavior can be explained for pure components by the Clausis-Clayperon equation and has been discussed by Brown et al 29 .
The slope of the line (dT/dP) through the three points was found to be 2.0 °C/ 10 MPa which is comparable to those reported by Brown et al. and Meray et al 30 . The photomicrographs of the STO at 103.4 MPa (15000 psi) at temperatures above (75.5 °C) and below (66.8 °C) the WAT are shown in Figures 9 (a) and 9 (b) , respectively. In Figure 9 (a), the dark solid particles are the insoluble asphaltene particles present in the STO. In Figure 9 (b), the waxes can be observed as white cross like objects. The two pictures clearly show the tremendous value of using a HP-CPM for detection of both asphaltenes and waxes.
Pour Point Measurements
STO PP The PP for the three STO measured by a modified ASTM D-97 technique are reported in Table 3 . For Oils-2 and -3, the samples were heated to two different temperatures and PP subsequently measured. As a result, a high and a low PP was obtained. From the data in Table 3 , it may be seen that the effect of thermal pretreatment is quite significant for Oil-3. The STO PP is depressed by approximately 14°C. Such observation are well known and have been explained on the basis of the presence of nucleating agent in the crude oil at the initial temperature from which the oil is cooled down.
Live Oil PP The new live oil apparatus was verified by performing STO PP measurement on STOs. The STO PP determined using the new live oil PP apparatus compared to within 2°C of that measured using an ASTM D-97 vessel. The live oil PP data is reported in Table 3 . It can be clearly seen that the PP of Oil-1 is depressed significantly by addition of solution gas. The oil of saturation pressures of 6.89 MPa (1000 psi) and 20.7 MPa (3000 psi) at 55°C have PP of 0°C and -13°C, respectively compared to the +13°C PP for the STO. This demonstrates the remarkable effect of solution gas on the PP. The cause of the depression of pour point is needs to be investigated.
It must be restated here that the live oils -2 and -3 were prepared by saturating the STO with CH 4 or C 2 H 6 . In case of live Oil-2, the effect of thermal pretreatment was also observed. In fact, the low PP of STO and the two live oils were same while the high PP (obtained by cooling down from 80°C to room temperature and then heating it back to 60°C) was found to exhibit the expected trend of a decrease in PP with an increase in the amount of solution gas.
For oil-3, the addition of CH4 resulted in a decrease of PP. The PP of the oil saturated with CH 4 and C 2 H 6 at 80°C and 6.89 MPa was depressed by 4°C and 8°C, respectively. This shows that the effect of the saturation gas alkane type on PP can be quite prominent.
Gel Strength Measurements
STO Gel Strengths. Gel Strength measurements on all three STOs were performed at aging temperatures around 0°C (actual temperatures are reported in Table 5 ). The effect of aging time was evaluated for Oil-1 whereas the effect of the aging temperatures was evaluated for Oil-2 and Oil-3.
Gel strength for Oil-1 was measured at an aging temperature of 1°C, i.e. 12°C below the PP. A single cooling rate of 5°C/hr was used. Two sets of experiments were conducted to study the effect of aging time -in one case the oil was allowed to age for 36 hours while in the other case it was allowed to age for 12 hours. For this particular oil, the gel strength for the two cases were found to be similar. This suggests that the gel network had attained its strength in less than 12 hours.
The effect of aging temperature was studied for STO-3. The results have been presented in Figure 10 . The gel strength measurement at the 22°C (lower PP) yielded a low gel strength value confirming the PP data. At PP, the gelled network does not possess too much strength.
Live Oil Gel Strength:
The live oil gel strength tests were conducted with Oil-2 and Oil-3. The live oils were prepared by adding CH 4 or an equimolar CH 4 /C 2 H 6 mixture to the STO at 80°C until the liquid was saturated at the specified pressure.
The experimental results for the tests are presented in Table 4 . The Oil-3 data clearly demonstrates the remarkable influence of methane present as solution gas on the gel strength. The results are surprising because the lower PP was not affected by addition of methane. Why the methane reduces the strength of the gel network is not clear at present. For Oil-2, gel strength tests were conducted on two live oils saturated at 80°C and 68.9 MPa (1000 psi) by addition CH 4 and equimolar mixture of CH 4 and C 2 H 6 , respectively. In comparison to the dead oil gel strength, the two oils showed significant reduction of 67 and 80 percent, respectively.
Implications of the Experimental Findings
The newly developed high-pressure microscope with cross polarization capabilities opens up new doors for experimental investigation into solids precipitating tendency of reservoir fluids. A clear advantage of the technique is the elimination of subjectivity of the data obtained from indirect measurement techniques such as light transmission, ultrasonics etc. With the use of HPM, both the asphaltene and wax pecipitation envelopes can be mapped on P-T phase diagram. Furthermore, the morphology of the both the waxes and asphaltenes and their co-precipitate can be studied. This type of information is extremely valuable for flow assurance studies.
From the experimental findings on the live oil PP and gel strength to have huge implications for waxy crude transportation. We propose the use of solution gas mixture composed of alkanes and components and/or a combination of solution gas and PPD for improving the flow properties including pour point and gel strength of waxy crudes. The oil may be saturated at the lowest temperature and the highest pressure in the pipeline to keep the fluid single-phase.
In summary, the following three major conclusions may be drawn from the findings:
• The measured dead oil WAT, PP, and gel strength may provide too conservative estimates for live oil systems.
• For pielines handling live oils, PP experiments on live oils must be conducted for determination of realistic PPD dosage.
• For dead oil transporation, addition of solution gas may reduce PP significantly. Thus, the requirement of additional PPD may be reduced or completely eliminated. 
